Monolayer films of FeSe grown on SrTiO3 substrates are electron doped relative to bulk and exhibit a significantly higher superconducting transition temperatures. We present density functional calculations and a modified Schottky model incorporating the strong paraelectricity of SrTiO3 which demonstrate that the doping may be due to charge transfer from SrTiO3 impurity bands driven by work function mismatch. Physically relevant levels of Nb doping are shown to lead to doping of the FeSe compatible with observation. The coupling of electrons in FeSe to polar phonons in the depletion regime of the SrTiO3 is calculated. A λ ∼ 0.4 is found; the coupling to long-wavelength phonons is found to be dominant.
I. INTRODUCTION
The discovery of superconductivity in iron pnictide and calcogenide materials 1 and the subsequent investigation of the many remarkable properties of these materials 2 has added a new dimension to our understanding of superconductivity. The general consensus has been that the materials demonstrate the existence of a third route to high-T c superconductivity, based neither on very high phonon frequencies 3 nor on the physics of two dimensional spin 1/2 carriers near a Mott transition 4 . Orbital degeneracy leading to a Fermi surface with multiple sheets and to Hunds metal 5 , nematic and stripe 6 behavior, as well as pairing based on electron-electron interaction-induced scattering of carriers between zone-edge electron pockets and zone-center hole pockets have been regarded as key to the physics 2 .
Recent studies of monolayer FeSe thin films epitaxially grown on SrTiO 3 (STO) substrates challenge this understanding. The transition temperature of bulk FeSe is lower than 10K and the record high transition temperature for bulk members of the Fe-pnictide family is 56K 7 , but in the monolayer films transition temperatures as high as 100K has been reported 8 . Further, monolayer FeSe on STO is heavily electron doped (about 0.12 e − per Fe, as inferred from the photoemission-determined Fermi surface 9 ) so that the zone-center hole pocket found in bulk pnictides is fully filled, leaving only the electron pocket at the M point, indicating that the zone face to zone center scattering processes are not crucial to the high transition temperature superconductivity. These finding suggest that our understanding of the Fe-Se materials is incomplete.
FeSe grown epitaxially on STO is not superconducting if the thickness is larger than 2 unit cells. The thickness dependence and the presence of sidebands in photoemission experiments 10 has been considered as evidence that proximity to the substrate is important and that fluctuations in the substrate help to enhance the transition temperature. Gate-doped FeSe flakes up to 10 nm thick and potassium doped multi unit-cell FeSe films also exhibit transition temperatures between 45 and 50K 11, 12 , indicating it is possible that proximity to the substrate is not essential for raising the transition temperature above the bulk value, but is important for raising the transition temperature above the highest value observed in bulk materials. The longitudinal optic (LO) phonon modes of STO are an attractive mechanism for a proximity effect 10 because these arise from dipolar fluctuations which produce long ranged electric potentials. The proximity of material to a ferroelectric transition (indeed a signal of FE transition near 45K has been observed in some of the materials with high T c 13 ) may enhance the strength of these fluctuations.
In this paper we investigate monolayer FeSe on STO theoretically. We perform density functional calculations to obtain the structure and to determine band offsets. The band offsets are found to be large, raising the possibility of charge transfer in the experimentally relevant case where the STO is lightly electron-doped by Nb impurities or O vacancies. We treat charge transfer from the impurity bands by adapting the usual Schottky model to incorporate the physics of nearly ferroelectric STO. Observed values of electron doping in the monolayer are consistent with charge transfer from impurity bands characteristic of the known doping levels of the STO substrates. The oxygen vacancy effect noted in Ref. 14 may also be relevant.
A generic consequence of the Schottky model is that the SrTiO 3 impurity bands are fully depleted over a many-unit cell wide region near the interface. Electric fields in this depletion region are not screened, so that polar phonons in this region may couple to the electrons in the FeSe. We determine the electron-phonon coupling Hamiltonian and compute the leading contribution to the electron self energy, which corresponds to a coupling parameter λ ∼ 0.4 (the precise value depends on parameters whose values are not well established), with the coupling dominated by long wavelength phonons. Our work complements previous studies [15] [16] [17] of the effect of SrTiO 3 polar phonons on electrons in FeSe, in which a phenomenological model was used.
II. FIRST-PRINCIPLES CALCULATIONS
This section presents that results of first principles calculations that enable an estimation of the structure and the basic energetics of monolayer FeSe on STO. Our first-principles calculations were performed using the spin-dependent generalized gradient approximation with the Perdew-Burke-Ernzerhof (PBE) parametrization 18 as implemented in the Vienna Ab initio Simulation Package (VASP-5.3 19, 20 2 ) and 6 for O (2s 2 2p 4 ). The energy cutoff was 500eV. A √ 2 × √ 2 in-plane cell was used to investigate the consequences of octahedral rotations; as these were found not to be important a 1 × 1 in-plane cell was used to generate the main band structure results. A 6×6×1 k-point mesh and 5×10 −3 eV/Å force threshold were used for structural relaxations. A 14×14×1 k-point mesh was used for density of states calculations. Phonons of bulk STO are calculated by the frozen phonon method in VASP, using a 3 × 3 × 3 supercell and 4 × 4 × 4 k-point mesh, and post-processed via Phonopy 23 . The monolayer of FeSe can be viewed as a layer of Fe atoms sandwiched between two layers of Se atoms. We assume epitaxial conditions, so the in-plane lattice constant of the FeSe layer is set to be equal to that of STO (a = 3.935Å in our calculation). Note that there are two Fe atoms per unit cell. We modeled the substrate as a four unit cell-thick slab of SrTiO 3 and included a vacuum layer with thickness equal to three unit cells of the SrTiO 3 (see panel (a) of Fig. 1 ). The relative alignment of the FeSe layer with respect to the SrTiO 3 is not known. We considered two configurations: Structure I, in which the bottom layer Se atoms align with the Ti columns of the SrTiO 3 and Structure II, in which the bottom layer Se atoms align with the Sr columns of the STO. Structure I is depicted in panel (a) of Fig. 1 .
For both structures, we choose as an initial state the striped antiferromagnetic (AFM) state that was considered to be the ground state for bulk FeSe 24, 25 . Our spin polarized GGA calculations for bulk FeSe (not shown) also find a striped antiferromagnet ground state. However, for the monolayer we find that the calculation converges to a nonmagnetic state.
After relaxation of atomic positions we find that structure I is 27 meV/Fe lower in total energy than structure II, and we thus take it to be the ground state structure in this paper. However the essential features (including for example band offsets) are the same for both structures. We investigated the consequences of the a 0 a 0 c − rotation that occurs in bulk SrTiO 3 below 105K 26 by comparing calculations in which this rotation is allowed and forbidden. We find that the octahedral rotation is suppressed in the TiO 2 layer closest to the FeSe and that (not shown) the atomic and electronic structure of the FeSe is essentially the same whether or not SrTiO 3 octahedral rotations are considered. We therefore disregard 27 . The Fe-Se-Fe bond angle is found to be 114.82
• , larger than the FeSe bulk value 28 . The difference is due in part to the tensile epitaxial strain (∼ 4%) generated by the STO and in part may arise from the difference in magnetic state: in bulk calculations the non-magnetic state has a larger bond angle that the antiferromagnetic state 28, 29 Panel (b) of Fig. 1 shows the important energy bands computed for relaxed structure I. The FeSe layer is metallic; its chemical potential sets the Fermi level which is slightly above the top of the SrTiO 3 valence band. The FeSe fermi level (horizontal solid line at E = 1.34eV) lies in the SrTiO 3 energy gap so in this calculation there is no charge transfer between the FeSe and the SrTiO 3 . As is also the case for stoichiometric bulk pnictides, the monolayer is a compensated semimetal with two zone center hole pockets and two zone-face electron pockets, centered at the M (π/a, π/a) (using the notation appropriate to the Brillouin zone corresponding to the two Fe unit cell).
Panel ( Fe. Modeling the two electron pockets as ellipses with masses m 1 and m 2 in the principal directions we conclude that if b is the Fe-Fe distance then
Angle-resolved photoemission experiments on monolayer FeSe find that the hole pocket is fully filled but also find that the top of the hole pocket lies below the bottom of the electron pocket 9 . However, experiment and DFT calculations find that bulk FeSe is a compensated semimetal, in which necessarily the top of the hole band lies above the bottom of the electron bands, with the Fermi level in between. This suggests that a rigid band approximation for the effects of doping is inadequate, and that there is a density dependent change in the band structure which as electrons are added acts to lower the energy of the top of the hole bands relative to the bottom of the electron band. Deviations from the rigid band picture may explain why our DFT results indicate that Q ≈ 0.17e/F e must be added to the monolayer to fill the hole band, while in experiment a Q ≈ 0.12 is found.
III. CHARGE TRANSFER
The first principles calculations reported in the previous section assume ideal SrTiO 3 , but the SrTiO 3 substrates used in experiments are lightly electron-doped. The electrons reside in impurity bands which are typically close to the bottom of the SrTiO 3 conduction band, while the FeSe fermi level is close to the top of the SrTiO 3 valence band, suggesting a work function difference slightly less than the SrTiO 3 band gap (∼ 2eV in DFT band calculations and ∼ 3eV in experiment) which may drive charge transfer. In this section we develop a Schottky model modified to take into account the strong field dependence of the dielectric constant of SrTiO 3 , to analyse this physics.
The basic situation is that charge doped into the FeSe produces an electric field, which bends the STO bands, so that within a depletion regime extending a distance d of the interface the electrochemical potential is below the bottom of the STO impurity bands so there are no carriers. The full depletion region is followed by a partial depletion region over which the potential changes from the bottom of the STO impurity band to the Fermi level of the bulk STO impurity band. The width of the partial depletion region is set by the Thomas-Fermi screening length λ TF but we shall see that the details of this region are not important for the considerations presented here.
We model the carriers doped into the FeSe as a sheet of areal charge density −eQ, set back a distance d Fe ≈ 4.3Å from the interface. Following Stengel 30 we model the field in the STO as a macroscopic displacement field D depending only on distance z from the interface, which we take to be at z = 0. In the full depletion region D obeys the equation
with N d (typically ∼ 10 20 ) the volume density of dopant ions. Solving Eq. 1 we find
and D(z > z 0 ) = 0. The value D 0 of the displacement field at z = 0 is set by the charge in the FeSe as
and the charge compensation length z 0 is defined as the ratio of the FeSe charge to the volume density of dopant ions N d
For typical values Q = 0.125e/Fe and N d = 10 20 /cm 3 z 0 ≈ 15nm ∼ 40 unit cells. The size d of the full depletion region is of course somewhat less than z 0 , and for z > d the free charge of the SrTiO 3 impurity bands must be included in Eq. 1.
To compute the potential we determine the electric field E = D/ and integrate. Thus we need to know the dielectric constant in the presence of displacement fields of the order of the value D 0 ∼ 3. × 10 8 V /cm produced by the charge density Q = 0.125/Fe. We may assume the dielectric constant in the FeSe region takes a constant value FeSe = 15 independent of D 31 , but the nearly ferroelectric nature of SrTiO 3 means that the dielectric constant in this material is large and field-dependent 32 . The displacement fields (D 0 ∼ 10 8 V /cm) imply electric fields very much larger than those for which STO has been measured 32 , so theoretical input is required. We use the calculations of Stengel 30 which indicate that depends strongly on D but not strongly on its gradients and is well described as a Lorentzian
with ∞ = 5.18, 0 = 500 and D * the displacement produced by a sheet charge of density ≈ 0.05e/Fe. Relative to the FeSe Fermi level, the potential at depth z < d in the SrTiO 3 is then
We are interested in potential shifts of the order of the SrTiO 3 band gap ∼ 3eV . In principle, we must also account for the shift in the FeSe Fermi level as carriers are added. The monolayer FeSe integrated density of states is shown in Fig. 1(c) . We see that the change in FeSe fermi level corresponding to a Q ∼ 0.2/F e is small, of order a few tenths of an eV. Also, as shown in the appendix, we may neglect the details of the behavior in the Thomas-Fermi regime (over which the potential changes by an amount of the order of the impurity band width, also ∼ 0.1eV ), and simply compute the potential profile caused by a given level of charge in the FeSe. 
IV. COUPLING OF SRTIO3 DIPOLAR PHONON MODES TO FESE ELECTRONS
Electric fields produced by polar phonons in the depletion region are not screened, and so produce potential fluctuations that can couple to electrons in the FeSe layer. This type of electron-phonon coupling has been discussed in the context of monolayer FeSe on SrTiO 3 10 , but in that work the interaction was taken to be local, arising from the dipoles nearest to the interface. Here we present a general treatment.
We assume that in each unit cell of the depletion region there is a dipole, characterized by position R, displacement u and effective charge eZ d . The potential at position r in the FeSe layer due to the SrTiO 3 dipoles is
where ∞ is the dielectric constant that SrTiO 3 would have in the absence of the dipoles. Here the sum over R runs over the depletion and Thomas-Fermi regions; the fields of dipoles farther inside the SrTiO 3 are screened.
The corresponding electron-phonon term in the Hamiltonian is then
where ρ q is the electron number density operator at momentum q. By Fourier transforming Eq. 7 with respect to the in-plane coordinate and noting that local field corrections are of order e −2πd F e /a ∼ 10 −3 so can be neglected we obtain
e −qZ J u q,J · (iq +ẑ) (9) where q = |q|, J = 1, 2, ... labels the Ti planes in the depletion layer, Z J = a J − 1 2 is the distance of the J th Ti plane from the interface and we have included the effects of screening of dipoles deep in the SrTiO 3 by a screening length q −1 0 ≈ z 0 . Thus the electron-phonon coupling extends over a number of planes determined by the smaller of the inverse of the in-plane momentum q and the approximate thickness, z 0 , of the depletion layer.
We now quantize the dipole fluctuations. For simplicity we assume that the dipole fluctuations in the depletion region are those of undoped SrTiO 3 and we take in to account the interface by assuming that the zderivative of the phonon field vanishes at the interface. First-principles calculations 31 indicate that SrTiO 3 has three important dipole-active (LO) phonon modes. We calculated the frequencies, effective charges, and masses of these modes. Results (fully consistent with those of Ref. 31) are given in Table I .
We then write the total dipole as a sum of fluctuations of these three modes, 
Here b † αq,qz creates a longitudinal polar phonon of mode α with in-plane momentum q and out of plane momentum q z ;û is the phonon polarization and ω L α is the phonon frequency.
Combining the formulas and summing over J yields
with coupling function g α between the electrons and mode α given by
The second, approximate equality is valid at small q, q z . We see that the interaction is strongest at small q but is cut off when q becomes of the order of the inverse of the size of the depletion layer. A detailed analysis of the consequences of Eq. 11 and 12 will be given elsewhere. Here we present approximate considerations that provide a rough estimate of the electron-phonon coupling strength and the physics of the coupling. The leading order expression for the electron self energy is shown in the upper panel of Fig. 3 . The corresponding analytic expression is
where the bare phonon and electron propagators are respectively
2 ) and G(k, ω) = 1/(ω −ε k +µ) and T is the temperature. Using the small momentum form of Eq. 13, approximating the q z integral as determined by the pole in g at q z = iq, assuming
, performing the frequency sum as usual and analytically continuing the fermion frequency to obtain the retarded self energy gives
with
and f and n the Fermi and Bose distribution functions. For the purposes of estimating the electron-phonon coupling we approximate the electronic energy contours as circles centered on the M points, with dispersion
k is measured relative to M (π/a, π/a) and effective mass m the geometric mean of the masses corresponding to the dispersion along the two principal axes of the ellipse; m = √ m 1 m 2 . Our DFT calculations giveh 2 /2mb 2 = 0.5eV with b the Fe-Fe distance while the observed charge Q = 0.12/Fe yields k F b ≈ 0.61 (recall there are two bands).
We may now estimate the mass enhancement param-
The ε k integral is dominated by ε k within ∆ α of the Fermi surface, i.e. by k
, is logarithmically divergent, with the log cut off by the larger of δk and q 0 so that
Evaluating with the effective mass, k F and LO mode frequencies gives us a total value λ ≈ 0.4
33 . Fig. 3 shows the real and imaginary parts of the self energy evaluated from Eq. 15 using a rough fit to the DFT dispersions over the whole zone with the rigid shift of the Fermi level reflecting the doping effect,
centered at Γ, with the Fermi energy at zero, t = 0.7 eV and µ = 1eV , a = 3.935Å is the Ti-Ti distance. There are uncertainties in the size of the electronphonon coupling. The basic coupling scales are quadratically sensitive to the background dielectric constant and the phonon frequency (which may be affected by the boundary), and the electronic dispersion is somewhat uncertain. Fig. 3 shows the lowest order self energy near the Fermi surface, and the spectral functions due to the electron-phonon coupling based on above assumptions corresponding to the points at and below the Fermi surface. The self energy weakly depends on k, the dominant contribution comes from the LO mode with frequency 97.1 meV, and so the imaginary part of the self energy shows a 2∆ ≈ 200meV gap near the Fermi level. The other two LO modes generate moderate corrections that are revealed by the small plateaus in the 2∆ gap. Accordingly, for the case near the Fermi surface, the spectral function shows a delta peak in the 2∆ gap. The largest side peaks emerge at about 100 meV away from the delta peak, two other smaller peaks lead by the two minor LO modes can also be found in the 2∆ gap. Away from the Fermi surface, the quasiparticle peaks get broadened due to the nonzero imaginary part of self energy.
V. SUMMARY
The remarkable discovery of unusually high transition temperature superconductivity in monolayers of FeSe on SrTiO 3 8 raises many interesting questions. In this paper, we have theoretically addressed two of these, showing that work-function-mismatch-driven charge transfer from the impurity bands of Nb (or O-vacancy) doped STO can account for the doping of the FeSe, that a wide depletion region exists in the STO, and that polar phonon modes in the associated depletion regime of the STO can couple to electrons in the FeSe layer via a coupling that is not small and turns out to be divergent at long wavelengths. Determining the implications for the superconductivity is an interesting open question. The pnictides are strongly correlated materials, and the interplay between electron-phonon coupling and strong correlations is an unsolved problem. In particular, our estimates of the effect of the phonons on the electronic properties are based on DFT values for the electronic dispersion and compressibility. Both of these may be renormalized by the strong correlations believed to be important in the pnictides. Investigation for example using the combination of density functional and dynamical mean field theory, would be fruitful. We observe that because the phonons couple to the total charge density the methods of Ref. 34 are applicable.
The phonons found to be important in this paper are LO phonons with the relatively high frequency of 0.1 eV, suggesting a large contribution to superconductivity. On the other hand, they are long wavelength fluctuations, and forward scattering typically does not make the dominant contribution to the pairing interaction. This issue as well as the interplay with nematic fluctuations need further investigations. Connections to related experimental systems also require investigations. Superconductivity with critical temperatures of the order of 50-60K has been observed in FeSe flakes on SiO 2 /Si surface doped via a liquid electrolyte 11 and for monolayers of FeSe grown on anatase TiO 2 35 . The 50-60K transition temperature is much higher than the ∼ 8K T c of bulk FeSe but is lower than the 100K reported for monolayer FeSe on SrTiO 3 . Whether the SiO 2 and TiO 2 sustain polar phonon fluctuations that have a similar effect to those of SrTiO 3 are open questions that require further investigation. Also there are indications in the liquid electrolyte doped system that the doping extends more than one or two layers. Any polar fluctuations from the substrate would be screened within one or two unit cells, suggesting that it may be possible to distinguish the effects of the phonons we have calculated here from other physics operating in the system. In the end, we find that the charge transfer and the associated electron-phonon coupling are general for the heterostructure of superconductor thin films on top of dielectrics when the work function mismatch is large enough, and it would be interesting to investigate these effects in other systems such as other iron pnictides, chalcoginides and cuprates for which layered structures are available.
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Appendix A: The partial depleted region
Instead of assuming an abrupt boundary of depletion region in the Schottky model, we consider a smooth transition. Let us consider a flat impurity band with the band width W . We set up the coordinates as following, z is normal to the interface with the positive direction points in FeSe, and the surface of STO has z = 0, so that for z = −∞ the Fermi level sits at the center of the impurity band, corresponding to the doping level DW/2 = N d , where D is the constant density of states of the impurity band and N d is the electron density in bulk Nb-doped STO.
As in the Schottky model, the impurity band bends along the bottom of the conduction band at the interface. We set a critical distance z 0 (z 0 < 0) such that when z < z 0 , there are excessed electrons in STO, but when z > z 0 all the excessed electrons are depleted into FeSe. 
The impurity band has a small band width which we assume as 0.1 eV. The main potential drop occurs in the depletion region. Let us assume that for the partial depletion region the dielectric constant is a large constant ≈ 0 = 500. This gives us a upper limits of the screening length and the charge that are transferred out.
With λ TF = W/8πN d e 2 . For the constant , the λ TF = 35.5Å and N q = 0.03/Fe are also both constants. This means that the depletion region is reduced by, to the upper limit, 35.5Å. The potential profile with depth is shown in Fig. A1 . For 0.12 e/Fe surface charge density, the depletion region is now about 27 unit cells. Most of the work function difference should be compensated within this region, leaving 0.05 eV compensated by the partial depleted region where the potential energy decays exponentially.
